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We identiﬁed two DYW subclass pentatricopeptide repeat (PPR) proteins, PpPPR_78 and PpPPR_79,
as RNA editing factors in the moss Physcomitrella patens. Disruption of each gene by homologous
recombination revealed that PpPPR_78 was involved in RNA editing at the rps14 (rps14-C137) and
cox1 (cox1-C755) sites and PpPPR_79 at the nad5-1 (nad5-C598) site in the mitochondrial tran-
scripts. RNA editing defects did not affect transcript patterns of the target genes. Thus, DYW subclass
PPR proteins seem to be site-speciﬁc trans-acting factors for RNA editing.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction four moss PPR-DYW proteins are required for RNA editing of theRNA editing, mostly the conversion of cytidine (C) to uridine (U),
is a posttranscriptional processing event and frequently occurs in
many transcripts of plastids and mitochondria [1–3]. For instance,
over 500 editing sites have been identiﬁed in mitochondria and 34
sites in the plastids of Arabidopsis [4,5]. However, little is known
about the RNA editing machinery in plant organelles. This process
is probably achieved by trans-acting factors that recognize certain
selected editing sites. Recent extensive forward or reverse genetics
studies identiﬁed pentatricopeptide repeat (PPR) proteins as a
trans-acting factor responsible for RNA editing in plastids andmito-
chondria [6–14]. All the reported PPR proteins required for RNA
editing are members of plant-speciﬁc E or DYW subclasses of the
PPR family [15]. Among 450 PPR proteins present in Arabidopsis,
about 90 each are either E or DYW subclass PPR proteins [16].
Unlike vascular plants, the moss Physcomitrella patens, a non-
vascular plant, has 103 PPR genes, 10 of which code for DYW-sub-
class PPR (PPR-DYW) proteins while no genes encode E subclass
PPR protein [17]. Besides, in P. patens, RNA editing in the translated
regions occurs at only one site in the plastids [18] and at 11 sites in
mitochondria [19,20]. Our recent studies provide evidence thatchemical Societies. Published by E
R-DYW, DYW subclass PPR;
ion
gita).six sites in mitochondrial mRNAs [20,21]. In this study, we identi-
ﬁed the two PPR-DYW proteins required for RNA editing of the
rps14, cox1, and nad5-1 sites in moss mitochondrial transcripts.
2. Materials and methods
2.1. Subcellular localization of PPR-DYW fused to green ﬂuorescent
protein (GFP)
Isolation of RNA from 3-day-old protonemata of P. patens and
preparation of RNA-free cDNA were carried out as described previ-
ously [22]. The DNA region encoding the N-terminal part of PPR-
DYW protein was ampliﬁed from the cDNA using the appropriate
primer sets (Table S1). The ampliﬁed DNAs were cloned in-frame
into the SmaI site in pKSPGFP9 [20]. The resulting plasmids, p78-
GFP and p79-GFP, encode N-terminal 98 and 63 amino acid resi-
dues, respectively. As a control plasmid to conﬁrm mitochondrial
localization, pMt-RFP was constructed by insertion of a DNA se-
quence encoding the N-terminal 78 amino acids of the c-subunit
of the Arabidopsis mitochondrial F1Fo ATPase [23] into the SmaI
site in pKSPmRFP (a derivative of pKSPGFP9 [20]). pKSPmRFP
carries a red ﬂuorescent protein (RFP)-coding sequence, which
originated from pGWB454 [24]. Plasmids were introduced into the
P. patens protonemata by particle bombardment and GFP ﬂuores-
cence was monitored using a LSM 510 confocal microscope (Carl
Zeiss).lsevier B.V. All rights reserved.
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To disrupt each PPR-DYW gene, the 50 region (3015 bp) of the
PpPPR_78 gene was ampliﬁed from the moss genomic DNA by
polymerase chain reaction (PCR) with the primers 78KO-F and
78KO-R and the 2996-bp region of the PpPPR_79 gene by using
79KO-F and 79KO-R. The ampliﬁed DNA was cloned into pGEM-T
Easy (Promega, Madison, WI) to generate plasmids pSO78 and
pSO79.
Prior to constructing plasmids for targeted-gene disruption,
p35-Hyg1 was prepared from p35S-Zeo (GenBank EF451822) and
pE7133-hpt (kindly provided by Drs. K. Kofuji and M. Hasebe) as
follows. The Zeocin resistance gene in p35S-Zeo was replaced by
the hpt gene encoding hygromycin B phosphotransferase derived
from pE7133-hpt. The hpt gene expression cassette (2.5 kb) was
ampliﬁed by PCR from p35-Hyg1 using primers in Table S1. The
PCR product was inserted into the HpaI site in pSO78 or pSO79.
The resulting plasmids, pSO78-KO and pSO79-KO, were digested
by NotI and introduced into the P. patens protonemata by particle
bombardment [20]. Transformed mosses were cultured on BCDAT
medium [22] containing 30 lg/ml hygromycin B.
2.3. Mitochondrial RNA analysis
Reverse transcription (RT)-PCR and ampliﬁcation of gene-spe-
ciﬁc cDNAs were performed as previously described [20]. The cDNA
sequences were compared for C to T differences resulting from RNA
editing. For northern blot analysis, gene-speciﬁc DNAs for detection
of cox1, nad5 transcripts, and 18S rRNA were ampliﬁed using prim-
ers in Table S1, and were internally digoxigenin-labeled. rps14-spe-
ciﬁc antisense oligonucleotide (50-CTACCAACACGATTTGTTTATGC
CTA-30) was digoxigenin-labeled at its 30-end.PpPPRATG
TP
17 PPR mot
B hpt
SP
PpPPR
21 PPR
ATG
A hpt
Fig. 1. Schematic structures of PPR-DYW genes and proteins. Filled and open boxes in
PpPPR_79 (B). The HpaI restriction site used for insertion of an hpt gene cassette into respe
the hpt gene cassette. All the identiﬁed PPR motifs are indicated (as deﬁned in [16]), as w
PPR motifs; S (short) and L1 or L2 (long) represent variant PPR motifs, respectively. TP i3. Results
3.1. Structure of the moss PPR-DYW genes
To investigate the possibility whether PpPPR_78 and
PpPPR_79 are involved in RNA editing, we disrupted the genes
and characterized their effect on RNA editing. The PpPPR_78 gene
corresponds to the gene model estExt_gwp_gw1.C_1830045
(protein ID 192620) in the genome database of the Department
of Energy, Joint Genome Institute (JGI), P. patens subsp. patens
genome ver. 1.1 [25]. Based on the cDNA sequence (AB621361)
and an alternative gene model Pp1s183_52V6.1 (http://www.cos-
moss.org/), the PpPPR_78 gene was revealed to consist of four
exons and three introns and predicted to encode a polypeptide
of 1080 amino acids with 21 PPR motifs (Fig. 1A). PpPPR_79 is
assigned as the JGI gene model estExt_gwp_gw1.C_1860036;
protein ID 192787). A comparison of the genomic and cDNA
(AB621362) sequences revealed that the predicted protein-coding
region of PpPPR_79 was interrupted by a single intron. The
PpPPR_79 protein was deduced to comprise 840 amino acids
with 17 PPR motifs (Fig. 1B).
3.2. PpPPR_79 protein is localized in the mitochondria
The Predotar [26] and TargetP [27] programs predicted with
high scores of 0.79 and 0.94 that PpPPR_79 protein is targeted to
the mitochondria. However, no clear prediction of the cellular
localization of PpPPR_78 was made. Transient expression of a chi-
meric GFP protein indicated that PpPPR_79 was localized in the
mitochondria (Fig. S1). By contrast, GFP ﬂuorescence from the
PpPPR_78-GFP fusion protein was not observed in the mitochon-
dria and chloroplasts. This suggests that the correct N-terminus_79 TAA
500 bp
DYWE/E+
ifs
840 aa
L1 L2
_78
1080 aa
 motifs
DYWE/E+
TAG
500 bp
dicate the translated and untranslated regions, respectively, in PpPPR_78 (A) and
ctive PPR-DYW genes is shown. Red arrows indicate the direction of transcription of
ell as the C-terminal E/E+ and DYW domains. P represents canonical 35-amino acid
ndicates a putative transit peptide.
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assigned start codon (Fig. 1A).
3.3. Targeted gene disruption of PPR-DYW genes
To disrupt the PPR-DYW gene, the hpt gene cassette was in-
serted via homologous recombination into the targeted PPR-DYW
gene (Figs. 1 and S2). Among many hygromycin-resistant (HygR)
mosses, two of each HygR mosses were further characterized
(Fig. 2A). The absence of PPR-DYW transcripts in the HygR mosses
was veriﬁed by RT-PCR (Fig. 2B). By contrast, an Actin gene tran-
script was detected in both wild type and HygR mosses. The
PpPPR_78 disruptants displayed slightly reduced growth of the pro-
tonemata while disruption of PpPPR_79 resulted in severe growth
retardation (Fig. 2A).
3.4. PPR-DYW proteins are involved in RNA editing in mitochondria
We then examined RNA editing for the 11 sites in the disrup-
tants. The analysis revealed that disruption of the PpPPR_78 geneA WT Δ78-19Δ78-714
WT Δ78-714 Δ78-19B
PpPPR_78
Actin
C rps14 cox1 nad5-1
R200CS46L S252L
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Fig. 2. Phenotype and RNA editing defects of the PPR-DYW gene disruptants. (A) The p
15 days on a BCDAT medium plate without hygromycin B. Scale bar = 10 mm. (B) RT-PC
shown in Fig. S2. (C) RNA editing defects in the PPR-DYW disruptants. Sequence chromat
sites is shown. The position of RNA editing represents the name of transcripts and the e
indicate the editing sites and open arrowheads represent the edited U (T in cDNA). Nucresulted in RNA editing defects for the rps14 site (rps14-C137)
and the cox1 site (cox1-C755) (Fig. 2C). C-to-U RNA editing altered
the coded amino acid serine (UCG) to conserved leucine (UUG)
whereas the remaining nine editing sites were not affected (not
shown). This result is consistent with that recently reported by
Rüdinger et al. [28]. The PpPPR_79 disruptants showed RNA editing
defect for the nad5-1 site (nad5-C598) but did not affect the other
editing sites, including the rps14 and cox1 sites (Fig. 2C).
3.5. RNA editing defects did not affect transcript patterns of the target
genes
Disruptants of PpPPR_78 were totally impaired in the editing of
rps14 encoding ribosomal protein RPS14 and thus could be ex-
pected to show translation defects. However, Northern blot analy-
sis did not reveal any major defects in the integrity or quantity of
the mitochondrial 18S ribosomal RNA and rps14 transcript in the
disruptants (Fig. 3). This was also conﬁrmed by RT-PCR (Fig. S3).
Similarly, the analysis showed comparable patterns and similar
amounts of the respective target cox1 and nad5 transcriptsWT Δ79-84Δ79-215
WT Δ79-215 Δ79-84
PpPPR_79
Actin
nad5-1 rps14 cox1
S46L S252LR200C
(nad5-C598) (rps14-C137) (cox1-C755)
T
DNA
T
DNA
9 215-
DNA
9-84
DNA
rotonemata colony morphologies of the wild-type (WT) and disruptants grown for
R for detection of cognate transcripts was performed using appropriate primers as
ogram of PCR ampliﬁed wild-type genomic DNA (WT gDNA) or cDNA of the editing
dited C position. The amino acid change in WT is indicated at the top. Arrowheads
leotides at editing sites are indicated by capital letters.
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lack of RNA editing in the disruptants is due to a direct inﬂuence of
the PPR-DYW protein at the editing site.
4. Discussion
In the present study, we identiﬁed two PPR-DYW proteins as
trans-acting factors required for RNA editing in mitochondrial
transcripts. Thereby, taken together with the previous studies
[20,21,28], six out of 10 PPR-DYW proteins appear to be involved
in RNA editing at 9 of 11 sites in the P. patensmitochondria. Among
the remaining four proteins, PpPPR_45 was observed to be local-
ized in the plastids (our preliminary result), thus it could target
RNA editing of plastid rps14 transcript [18]. PpPPR_43 is a mito-
chondrial-localized protein but not related to RNA editing
(Ichinose et al. unpublished). PpPPR_65 and PpPPR_98 could be
linked to RNA editing at either atp9-C92 or ccmFc-C103, or both.
The rps14 and cox1 editing events targeted by PpPPR_78
change a genomic serine codon (TCG) into a leucine codon (UUG)
at the RNA level. These editing sites are T in the genomic DNA from
other land plants, including liverworts, Arabidopsis and rice
(Fig. S4). Thus, RNA editing at these sites is species speciﬁc to P.
patens and results in the creation of an evolutionarily conserved
leucine. Interestingly, in Funaria hygrometrica, a close relative of
P. patens, the rps14 site is T in genomic DNA but the cox1 site is9 14 9 1 4 9 14A
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Fig. 3. Transcript patterns of the affected mitochondrial genes. Total cellular RNA
(20 lg) from the wild type (WT), PpPPR_78 (A), or PpPPR_79 disruptants (B) was
subjected to northern blot analysis. The blots were hybridized with a gene-speciﬁc
DNA probe for the rrn18, rps14, cox1, or nad5 gene. RNA marker sizes are shown in
kilobases (kb). A closed arrowhead indicates a transcript of ribosomal protein gene
cluster, including rps14. Shown at the bottom are rRNAs stained with ethidium
bromide as loading controls.edited [28]. A PpPPR_78 orthologue is retained in F. hygrometrica
[28]. The nad3 site (nad3-C230) and nad4 site (nad4-C272) tar-
geted by PpPPR_56 in P. patens are T in the genomic DNA level
and a PpPPR_56 orthologue lacks in F. hygrometrica [28]. This sug-
gests that RNA editing sites tend to lose during evolution of bryo-
phyte lineages and the loss of editing sites could lead to loss of the
relevant editing factor PPR-DYW proteins.
The disruptants of the PpPPR_78 gene showed slightly reduced
growth under standard culture conditions (Fig. 2). Rüdinger et al.
[28] also observed that gametophore of the knockout moss was
morphologically indistinguishable from the wild-type moss. This
suggests that an editing event at these sites is not essential for
RPS14 and COX1 function. PpPPR_79 targets to the nad5-C598 site
and the editing at this site results in alteration of an Arg (CGU) to
an evolutionary conserved Cys (UGU) codon. This editing site is
conserved and a PpPPR_79 orthologue is assigned in F. hygrometri-
ca [28]. RNA editing defects at this site resulted in severe growth
retardation of the protonemata. This suggests that an editing event
at this site is critical for NAD5 function.
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